ABSTRACT
INTRODUCTION
External apical root resorption (EARR) is one of the unfavorable outcomes of orthodontic therapy and has been defined as a reduction in the length of the root from the apex. It is calculated by measuring the entire tooth length, incisal edge to apex in anterior teeth and cusp tip to the most apical point of the root in posterior teeth, both before and after treatment. 1, 2 Various studies, both histologic and radiographic, have attempted to study this phenomenon but produced conflicting results regarding the association of apical resorption with orthodontic treatment which can be attributed to variation in methodology, which limits the comparability of results. In addition, radiographic studies can evaluate only apical root resorption; however, buccal or lingual resorption is less perceptible in the radiographs. 1, 3 Although histologic or scanning electronic microscopic investigations provide exact results, but they can only be conducted on single representative teeth and may not be feasible in many clinical situations. Therefore, studies based on larger samples, within and between patients can be performed by using only radiological methods. 4 In orthodontics, the diagnosis of EARR using conventional radiographs (periapicals, panoramic, lateral cephalograms and various combinations) has been extensively studied. 2, [5] [6] [7] [8] [9] However, as multitude of factors play a role in interpretation of radiographs and a mineral loss of at least 30 to 60% is required to detect a defect on radiographs, the radiographic detection of early EARR is often not possible by radiographs alone. Early detection of initial resorptive lesions during orthodontic treatment is essential for identifying teeth at risk of severe resorption. 10 Subsequent interruption of active treatment can help to reduce adverse outcomes during treatment at a later stage. 11 Hence, the possibility of early detection can serve as the basis for appropriate treatment planning or modification of existing treatment plan.
To determine early EARR density changes, quantitative measurements must be recorded. Digital subtraction radiography (DSR) offers this possibility. Limits of detection with DSR vs conventional radiographs show that DSR is more sensitive to even minor density changes. 12 However, accurate registration of the images and minimizing the amount of structured noise present in the subtracted images are profound concerns. Therefore, the aim of this retrospective study was to quantitatively assess the changes of the root area and length of the maxillary and mandibular incisors following orthodontic treatment by means of DSR of panoramic radiographs, as well as to assess whether such changes are related to type and duration of orthodontic treatment.
MATERIALS AND METHODS
For the appropriate selection of number of patients for this investigation, a power analysis for sample size calculation with α = 0.05, 1-β = 0.8, and effect size index d = 0.7 was performed. Calculations revealed that a sample of at least 19 patients was necessary. However, more patients were initially included to account for eventual exclusions.
This retrospective study was based on panoramic radiographs of patients taken with the same equipment (PlanmecaProMax, Planmeca Oy, Finland) before and after orthodontic treatment. These radiographs were part of the standard diagnostic records and consecutively selected from the archives of the Postgraduate Clinic of the Department of Orthodontics. Informed written consent was obtained from all patients or their guardians.
A total of 36 consecutive patient files were selected initially. The selected patients presented with a class I or II relationship and were treated with or without premolar extractions and fixed appliances. Some class II patients were treated additionally with extraoral forces or functional appliances. All treatments were performed by the students of the department under the supervision of faculty members. Inclusion criteria were complete records, including patient history and treatment plans, study casts, pre-and posttreatment panoramic and lateral cephalometric radiographs. Patients with history of trauma or endodontic treatment of the maxillary incisors or incomplete records were excluded from the sample (n = 2). Thus, 34 patients (19 females and 15 males) remained for further evaluation (Tables 1 and 2 ). 
Geometric Image Registration and Digital Subtraction
Image reconstruction and subtraction were performed using the software Regeemy Image Registration and Mosaicing (version 0.2.43-RCB, DPI-INPE, São José dos Campos, São Paulo, Brazil) by a single operator. This software offered geometric image registration to accommodate differences in projection geometry between images. This registration attempted to produce two images with identical image projection geometry by mapping the information contained in one image onto the projection plane of another image, called the reference image using manually chosen landmarks on the crowns of teeth (Figs 1 and 2 ). The registered images were then normalized to eliminate contrast differences and subjected to quantitative subtraction with Image J ® , developed by National Institutes of Health, Bethesda, Maryland, USA. A region of interest (ROI) was defined in the apical third of the root and density calibration was made in Image Tool using enamel (gray value = 255) as reference in the same image. The mean gray values in the ROIs were reflective of the change in the density values between the two images ( Figs 3 and 4) . EARR per tooth in millimeters was calculated using the following formula: EARR = R1-R2. Where, R1 is the root length on the pretreatment radiograph, R2 on the follow-up radiograph. EARR was also expressed as a percentage of the original root length: EARR × 100/R1. Since the images were registered to negate differences in projection geometry, the application of correction factor to compensate for the same was inessential. The density values for only the maxillary anteriors was assessed as lower anterior regions in OPGs suffering from fuzziness, distortion and overlapping while other variable measurements were made on both the maxillary as well as mandibular anteriors.
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STATISTICAL ANALYSIS
The root resorption of the tooth and the factors of malocclusion were analyzed with a one-way ANOVA. An independent t-test was performed to compare the mean amount of resorption between male and female, between extraction and nonextraction cases. The correlation coefficients were measured between the amount of root resorption and the age of the start of orthodontic treatment, changes in overbite, overjet and the duration of treatment. The density changes after orthodontic treatment were analyzed using the Wilcoxon signed-rank test. In addition, the density changes in different teeth were analyzed using the Kruskal-Wallis test. The cut-off for statistical significance was a p-value of 0.05. All the statistical analyses were carried out using SPSS (version 13.0 for Windows, Chicago, IL, USA).
RESULTS
Gender the age at which treatment was started and Angle's classification were not statistically related with observed root resorption. The maxillary central incisor showed the greatest resorption, followed by the maxillary lateral incisor, the mandibular central incisor, and the mandibular lateral incisor. Significant correlations between the change in overbite and the amount of root resorption were found in maxillary and mandibular central incisors and mandibular lateral incisors. For overjet, there was no significant correlation (Table 3) . Openbite cases showed more root resorption for maxillary and mandibular central incisors, and mandibular lateral incisors (Table 4) . Tooth extraction prior to treatment initiation was significantly related with posttreatment root resorption ( Table 5 ). The duration of orthodontic treatment was positively correlated with the amount of root resorption (p < 0.01, Table 6 ).
In all patients, with the exception for the apical portion of the upper-left lateral incisor (UL2), the density around the maxilla anterior teeth reduced by 24.3 ± 11.2% (mean ± standard deviation); range 1.8 to 48.0% following the orthodontic treatment.
The mean density reduction was greatest in both central incisor: by 27.2 and 25.2% in the upper-right and upperleft central incisors, respectively (Table 7) ; followed by the upper-right and upper-left canine teeth (23.5 and 21.0%) and then the upper-right and upper-left lateral incisors (19.1 and 17.4%) ( Table 7) .
DISCUSSION
Tooth extraction prior to treatment initiation and the duration of orthodontic treatment was positively correlated with the amount of root resorption. However, gender, the age at which treatment was started and Angle's classification was not statistically related with observed root resorption.The maxillary central incisor showed the greatest resorption, followed by the maxillary lateral incisor, the mandibular central incisor, and the mandibular lateral incisor in concurrence with Spurrier et al and McFadden et al. 13, 14 In our study, all patients, with the exception for the apical portion of the upper-left lateral incisor (UL2), the density around the maxilla anterior teeth reduced by 24.3 ± 11.2% (mean ± standard deviation); range 1.8 to 48.9% following the orthodontic treatment .The mean density reduction was greatest in both central incisor by 27.2 and 25.2% in the upper-right and upper-left central incisors, respectively, followed by the upper-right and upper-left canine teeth (23.5 and 21.0%) and then the upper-right and upper-left lateral incisors (19.1 and 17.4%).
On the other hand, radiographic examination is still left, much to be desired as a diagnostic tool: First of all, because Extraction group significantly had more root resorption than nonextraction group by independent samples t-test (p < 0.01) Note: *Average and standard deviation (mm) for this variable. ** One-way ANOVA, significantly more root resorption for openbite at the 0.05 level of frequent disagreement among evaluators on its interpretation and discrepancies of the same evaluator's interpretation at different times, secondly, many dental lesions often progress slowly, so they cannot be easily evaluated with sequentially obtained radiographs and thirdly, structural 'noise' produces visual confusion and limits the detection of small lesions.
Several noninvasive methods can be used to measure the density, including digital image analysis of microradiographs, 15 dual energy X-ray absorptiometry 16, 17 and ultrasound. 18 However, all of these approaches have inherent limitations, such as nonavailability of threedimensional information and the evaluation being only qualitative. Computed tomography (CT) is one of the most useful medical image techniques for obtaining data on both the structure and density of body tissue. However, CT is not an acceptable approach for evaluating the alveolar bone density during orthodontic treatment due to its high radiation dosage, especially given that patients typically need several CT scans over several months. The strength of digital subtraction radiography (DSR) is because it cancels out the complex anatomic background, against which the subtle changes occur. As a result, the conspicuousness of the changes is greatly increased. A change in mean calcium mass per image pixel of 0.1 to 0.15 mg is necessary to be detected by DSR. DSR possesses high accuracy to detect small changes in calcium mass. 19 One disadvantage of digital subtraction radiography techniques, as used presently, is the need for close to identical projection alignment during the exposure of the sequential radiographs. Furthermore, highly specialized computer image processing equipment and software is required for image analyses.
However, some limitations of this study should be considered. Some previous studies have found that the measured grayscale value of an object might vary with the medical software used, 20, 21 but, the values obtained with different software programs were found to be strongly correlated. Further, it is important to consider at what stage of orthodontic treatment the density is assessed. It is plausible that depending on the type, duration and direction of force during active tooth movement would determine the net density at the time of evaluation. Only the teeth in the anterior region of the maxilla were evaluated as mandibular anterior regions in OPGs suffer from fuzziness, distortion and overlapping. The relationship between the density change and direction of tooth movements was also not investigated in this study, and the density around the teeth was only measured at only two time points (before institution and after completion of orthodontic treatment), with no long-term follow-up or assessment at different time intervals during various stages of orthodontic treatment. Further studies, addressing these limitations will be required.
CONCLUSION
• Within limitations of this study, we conclude that gender, the age at which treatment was started and Angle's classification are not related with observed root resorption.
• Tooth extraction prior to treatment initiation and the duration of orthodontic treatment, was positively correlated with the amount of root resorption.
• The mean density reduction, as assessed by DSR was greatest in the upper-right and upper-left central incisors, respectively, followed by the upper-right and upper-left canine teeth and then the upper-right and upper-left lateral incisors.
